Introduction
In the 1990s, Scientists studied a number of cases of strong earthquakes using the thermal infrared data of NOAA weather satellites, which showed the presence of a thermal infrared enhancement phenomenon before the earthquake [1] . Among these studies, the detection of longwave radiation anomalies near the area of the epicenter before an earthquake, using average monthly data of outgoing longwave radiation (OLR) information collected by the Earth-atmosphere system of remotesensing satellites, has led to many valuable results in monitoring and the analysis of forecasts [2, 3] . These results obviously indicated that not only do thermal phenomena exist in the seismogenic zone, but that energy flow whose primary characteristic is radiation also occurs. Moreover, the energy flow spread to outer space, where it was received by remote sensing satellites in the Earth-atmosphere system, thus comprising a new technique of using satellite remote sensing to obtain early warning of the signs of impending earthquakes [4] [5] [6] .
The currently proposed methods of recognizing thermal infrared anomalies, such as image interpretation, difference analysis, heat penetrability index measurements, and point-contrast comparisons of brightness temperature anomalies, all have advantages and disadvantages. These studies showed that the differences introduced by use of normal background data has a significant impact on the research results, mainly due to the multiyear average algorithm based on the principles of statistics that eliminates the effect of heat radiation fluctuation caused by rapid, short-term changes in geologic structures. An earthquake is a quick-release process that occurs when the accumulation of tectonic stress reaches a certain intensity that exceeds the critical value of rock's elastic fracture point. Therefore, for earthquake studies, exploring the algorithms associated with seismology and mechanics is important [7] . The tidal force induced by celestial bodies is one of the important external causes of ground stress that accumulates to reach the critical state that triggers an earthquake. The warming that occurs before an earthquake, the changes in tidal force caused by celestial bodies, and the abnormal warming phenomenon exhibited by seismic activity, in essence, are all consistent in that they reflect the mutation of tectonic movement when tectonic movement reaches a certain degree of intensity; that is, the complementary problem becomes one of determining when short-term seismic activity occurs at the critical point to trigger an earthquake [8, 9] . The related research also shows that the tidal force in the process of micro-earthquake is obvious, the temperature anomaly is also clearly reflected, and the tidal force is considered to be a strong evidence of the earthquake anomaly [10] . In addition, the tidal forces induced by celestial bodies, as the only method of precalculating earth deformation phenomena at present, serves a certain indicative function in the time domain, and the degree of tectonic movement that can be measured by monitoring thermal anomalies also facilitates the discrimination of ground stress intensities [11, 12] .
Yunnan and Tibet were chosen as the test area in our study because the topography and geomorphology are very complex. We carried out the relevant research on the OLR abnormal radiation enhancement features of four earthquakes before the earthquakes occurred, and studied the changes of tidal forces in these areas. This approach is well suited for testing the effectiveness of our proposed impending earthquake detection method and refining the component techniques.
Seismogenic structure, tidal force, and tectonic stress
In this paper, we reported on a study of four earthquakes in Yunnan and Tibet, China, based on measurements collected by the China Seismic Network (http://www.ceic.ac.cn/), the details of which are shown in Tab. 1. A map of the epicenter positions and active fault distributions in the earthquake regions was drawn based on the above data, and is presented as Fig. 1 . 3. Tide calculations and OLR data processing
Tide calculations
Solid tide refers to the cyclical elastic deformation phenomenon of the entire Earth caused by the tidal forces of the Moon and Sun, which are considered to be the main power triggering earthquakes [13] . Solid tidal stress refers to the periodic change stress caused by solid tide in the Earth's interior [14, 15] . Much work has been done over the years on determining whether tidal stress can affect or modulate earthquakes. Xiaoping et al. explicitly indicated that tidal stress has a critical trigger effect for fault earthquakes in the critical stress state [16, 17] ; Qinwen et al. concluded that earthquakes triggered or induced by tidal force mostly occurred near the time of the maximum value of the periodic amplitude phase [11, [18] [19] [20] , but how to judge whether the stress intensity of seismogenic tectonic movement reaches criticality was left for further study.
In our approach, we studied the relationship between origin time and the maximum value of the tidal force's periodic amplitude phase, and analyzed the changes of OLR radiation anomalies against the background of tidal cycles using remote sensing satellite data, and further judged the change of OLR radiation anomalies whether an earthquake was triggered or not.
According to the calculation method of Calvin, the tidal generating potential W i (p) of any point P in the Earth's interior generated by any celestial body is expressed as follows [21] :
where P n (cosZ m ) is the Legendre polynomials of (cosZ m ), Z m is the zenith distance of star bodies, M is the quality of the Moon or Earth, k is the gravitational constant, r is the distance between the epicenter and geocenter, r m is the distance between the selenocenter and geocenter, and r s is the distance between the heliocenter and geocenter.
For the Moon, when n=2 and 3, the tidal generating potentials in the Earth's interior caused by the Moon are expressed as follows: 
Similarly, for the Sun, when n=2, the tidal generating potential in the Earth's interior caused by the Sun is expressed as follows: 22 
Where  is the latitude of the epicenter, s  the declination of the Sun, m  the declination of the Moon, H S the zenith distance of the Sun, and H m the zenith distance of the Moon.
OLR data and its processing
Outgoing longwave radiation (OLR) refers to the electromagnetic wave energy density projected by the Earth-atmosphere system into outer space, measured in units of W/m 2 . Through the radiation meter aboard NOAA's polar-orbit satellite, we obtain the ground longwave radiation by scanning measurements of the Earth and atmosphere in the infrared window channel (10.5-12.5 u m) [22] [23] [24] . The OLR data used in this study is from the global information data maintained by the U.S. National Weather Service Environmental Modeling Center (http://www.emc.ncep.noaa.gov), and the longwave thermal infrared radiation data has been accumulated over 30 years. Since OLR is the output result of infrared remote sensing, it is most sensitive to the sea surface and the change response to surface layer temperature; therefore, it is considered an ideal technology for monitoring the signs of impending geologic disasters related to thermogenic phenomena [25] .
In order to investigate the change features of the longwave radiation distribution field of the four studied earthquakes in Yunnan and Tibet from 2010 to 2011, the daily average grid data of the earthquakes at 1°×1°were selected in their respective coverage areas (N22°-N36°, E90°-E108°) from 2010 to 2011, and the grid data constituted the value distribution field of the OLR information. Similarly, in order to extract the daily change characteristics of the OLR value distribution field of the four earthquakes before the earthquake in each region, the grid-point OLR data of an impending earthquake (day international scale) were calculated according to Eq. (6) in the study area, and the value field distribution of each grid point characterizing the amount of information was obtained at the radiation enhancement area:
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is the OLR incremental value of each grid point, ( , )
i S x y the OLR value of each grid point, and background ( , ) S x y the OLR value of the fixed background. In this paper, we used the lowest point of the tidal force before the earthquake in the earthquake period as the time background, and x, y, and i denote the latitude, longitude, and grid-point mark of the four earthquakes, respectively.
Earthquake examples research

Tidal force change
The tidal force change curves with time before and after the four earthquakes were plotted using formulas (1)- (6) , and are shown in Fig. 2 . As can be seen from the figure, the tidal force obviously experienced periodic change, the cycle of which is low→peak→low. All four earthquakes occurred near the maximum amplitude phase of tidal force at the time of the earthquake, showing that they all occurred at the peak phase point of tidal force, and also reflected a tidal force with a triggered or induced effect for an active tectonic earthquake when ground stress reached the critical point. We need to further analyze the abnormal changes of remote sensing OLR radiation in the background of the tidal cycle in order to determine what induced the change in intensity of ground stress. 
Temporal and spatial change characteristics of OLR before an earthquake
A large number of experiments have confirmed that the satellite infrared anomaly exhibits stage characteristics before a medium-strong earthquake. When the rock undergoes a continuous stress state, the infrared radiation will be continually enhanced, and the infrared warming anomalies can be divided into three stages: initial warming→strengthening warming→relatively quiet. This process coincides with the process of radiation change in rock stress load-rupture [26, 27] , which provides the theoretical basis of our work.
Based on the tidal cycle shown in Fig. 2 , the change of satellite OLR data was extracted according to formula (6) (taking March 16 as the background of the Nierong earthquake, May 17 as that of the Dujiangyan earthquake, April 8 as that of the Luhuo earthquake, and June 13 as that of the Tengchong earthquake, and continuously subtracting, the continuous day change of OLR was obtained), as shown in Fig. 3-6 . For the Nierong earthquake (Fig. 3) , the daily radiation field of OLR near the earthquake area showed a daily continuous increment change distribution (from March 17, 2010 to March 25, 2010). The radiation field began on March 17 (the tidal force was at the phase point near the periodic low peak), and the enhancement center of the OLR daily average incremental field moved to the west from the epicenter area, and reached its highest value on March 23, the day before the earthquake (the tidal force was at the phase point near the periodic peak). At 10:06 on March 24 (the tidal force was at the phase point near the periodic peak, and then decreased gradually after reaching the peak during the day), a M5.7 earthquake occurred in Nierong County. At 10:44, another earthquake, measuring M5.5 again occurred in Nierong County, after which the integrity of the terrain was destroyed. On March 25, tidal force returned to normal conditions, and the enhancement center area of the OLR daily average radiation also completely disappeared. Combined with Fig. 2 , it can be seen that the radiation was constantly enhanced with the continuous enhancement of the tidal force from low to peak, and the tectonic stress reflected by the radiation was also growing. When the tidal force was close to peak, an earthquake occurred after the radiation reached the maximum, and the origin time was close to the maximum amplitude phase of the tidal force.
Simultaneously, we dealt with the other three earthquakes by the same means, and the results show that they had a similar evolutionary process; that is, the earthquake occurred when the tidal force continuously grew from low to peak levels and approached the maximum amplitude phase, and the longwave radiation experienced the following process: starting → strengthening → peak → postearthquake fast-fading [28] . The four earthquakes occurred upon attainment of the maximum phase point of tidal force, which reflected tidal force with a triggered or induced effect for an active tectonic earthquake when the ground stress reached the critical point. Through analysis of the abnormal changes of remote sensing OLR radiation in the background of the tidal cycle (Fig. 3-6) , and according to the regional distribution with anomalous incrementing of OLR resulting from the tidal force and geologic structure (especially the close relation with active faults), a certain synchronism between tidal change and the increase of radiation intensity was revealed. All four earthquakes studied experienced an evolution process of increasing→peak→fast fading [29] , which showed that the tidal force had a triggering effect on the active fault when the ground stress was in a critical state.
Discussion
Currently, due to the interference of clouds, the observation of temperature anomalies before an earthquake is frequently impeded when studying earthquake tectonic activity using remote sensing parameters. Since OLR reflects the electromagnetic energy density emitted by the Earth-atmosphere system into outer space, it is the radiation quantities that most directly reflect the underlying surface properties and energy change parameters. The inversion band (10.5-12.5 μm) of OLR is concentrated in the atmospheric window, which receives less interference from clouds [21] . Thus, OLR data were selected as the object of study. In the above four earthquakes studied, the images of OLR have indeed demonstrated obvious abnormal changes before an earthquake occurred, which indicates that OLR may develop into a valid data source for predicting the likely area in which an impending earthquake will occur.
Tidal force supplemented by tectonic stress had an obvious inducing effect on an active fault whose ground stress was at the critical state (namely, the abnormal peak-recession period of OLR), but while it was the only external factor that caused the earthquake, it was not the decisive factor. The internal factor that determined the occurrence of an earthquake was the tectonic activity of the Earth's crust. The mechanism of how the change of the tidal force modulates or induces the occurrence of an earthquake, and how it affects the abnormality of the OLR, is not still fully understood, so more earthquake cases are needed to analyze and study further. However, the existence of this kind of phenomenon, as well as the knowledge obtained in this study, indicate that the technology of using remote sensing satellites to acquire surface radiation information is viable.
Conclusions
From the four earthquake studies discussed above, we now have a method of obtaining an enhanced image of OLR radiation before an earthquake based on the degree of the period of tidal change. Our study reveals a continuous evolution process: pre-earthquake start→strengthening→peak →post-earthquake attenuation→calm. This process was found to be consistent with the process of radiation variation in rock stressing, loading, and rupturing. It could be concluded that the change process of pre-earthquake OLR radiation is the characterization of macroscopic radiation in the seismogenic process, which experienced the following process: appearance of initial microcracks of seismotectonic activities → expansion of microcracks → construction of large main-shock ruptures (earthquake occurrence) →affecting of all of the ruptures of active tectonics→structure adjustment→ stable tightening. On the one hand, it is shown that the evolution of the critical state of ground stress can be reflected by the change of OLR radiation. On the other hand, tidal force can change the stress state of the structure. Furthermore, based on the effectiveness of using dynamic numerical analysis of the radiation field to extract the indications of strong earthquake anomalies on a regional scale, the method described in this paper can improve the efficiency of rapid identification of "hot" anomalies before earthquakes, and has a clear indication of the choice of background time.
